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Abstiact

To understandhe dynamicsin anacceleratoit is essential
to have agoodmodelrepresentingts realisticlattice. One
methodusedat the ALS to calibratethe linear (coupled)
acceleratomodelis the analysisof orbit responsematri-
ces. Recentlythis methodhasbeencombinedwith fre-
gueny map techniquespoth in tracking and experiment
atthe acceleratarComparingthe resultsof simulatedand
measuredrequeny mapsshowns how accuratelhtheaccel-
eratormodel describeghe nonlinearbeamdynamics. In
additionmeasuredrequeny mapscansene asamodelin-
dependentool to evaluatethe quality of alattice. Themea-
surementsitthe ALS clearlyshov thenetwork of coupling
resonanceandtheagreementith thesimulationusingthe
calibratedmodelis very goodwhereaghe disagreemernis
largewhenusinganidealacceleratomodel.

1 INTRODUCTION

The AdvancedLight Source(ALS) is a third generation
synchrotrorlight sourcdocatedat LawrenceBerkeley Na-
tional Laboratory[1]. Similar to the situationat all other
third generationsynchrotronlight sourcesthe single par
ticle dynamicsis animportantfactorwhich contributesto
several performancdimitations. If the particle motion at
large amplitudesis unstable,electronsscatteredo these
large amplitudesvia collisionswith gasparticles(gaslife-
time) or other electrons(TouschekKlifetime) may be lost.
Similarly, electrongnjectedat largeamplitudemay not be
captured.
Tablel: Nominal ALS parameters.
Parameter Description

E Beamenegy 1.5-1.9GeV
c Circumference 196.8m
Vg hor. tune 14.25

vy vert. tune 8.20

Cz hor. nat. chromaticity -24.6

Cy vert. nat. chromaticity -26.7

To reachsmall equilibrium emittanceghird-generation
light sourcesuse strongly focusingquadrupoles.The re-
sulting large chromaticaberrationshave to be corrected
with strongsextupole magnetsin orderto provide damp-
ing of the headtail modes.The sextupolesin turn generate
geometricaland nonlinearchromaticaberrationsexciting
resonancethat can make the motion of the electronsun-
stable.If thelatticeis periodic,mary low orderresonances
aresuppressedlhe ALS magnetidatticeis constructeaf
twelve identicalsectors.

* This work was supportedby the U.S. Departmenif Enegy, under
ContractNo. DE-AC03-76SF00098.

2 MODEL CALIBRATION

To calibratethe linear model of the ALS an analysisof
measuredorbit responsematrices(LOCO [2]) hasbeen
usedfor several years[3]. In the analysisall gradients
(quadrupolesindoffsetsin sextupoles)canbe determined
with arelative accurag of aboutl - 10~3. In additionone
getsrelative gainfactorsof all correctorsandall beampo-
sition monitors. The 3-beatingaftera correction,basecbn
the resultsof the modelfitting, is small; about2% in the
horizontaland 3% in the vertical plane (peak). Recently
LOCO hasbeenmodifiedto allow a modelcalibrationof
a complete fully coupledmachinemodelwith reasonable
computatiortime [4]. This allows the determinatiorof lo-
calizedcouplingterms.

3 FREQUENCY MAP ANALYSIS

Resonancesanleadto irregular andchaoticbehavior for
theorbitsof particleswhich eventuallywill getlostby dif-
fusion to high amplitudes. To calculatethe strengthof a
resonanceisuallyatrackingcodewhich numericallysim-
ulatesthe evolution of beamparticleis employed[5].

The dynamicsof theresulting4-dimensionasymplectic
returnmapcanbeanalyzedisingLaskars Frequeng Map
Analysis(FMA) method[6, 7, 8, 9, 10]. TheFMA numer
ically constructsa mapfrom the spaceof initial conditions
to the frequeny space.For eachselectednitial condition
the particlemotion is tracked numerically andthe trajec-
tory is recordedurn by turn. Thena numericalalgorithm
basedon a refined Fourier technique(see[9]) is usedto
searcHor aquasiperiodisolution.If thetrajectoryis regu-
lar, theKAM theorem(see[11]) requireshatthemotionis
quasiperiodicwith two fundamentafrequenciesv,, vy).
In this case the frequenciesanbe determinedwith very
high accurag sincethealgorithmconvergeslike 1/7 [9].

Moreover, the numerical algorithm always vyields a
quasiperiodi@approximationof the trajectoriesandthere-
fore the mapis numericallydefinedon the entire spaceof
initial conditiong[7, 8.

3.1 Ideal Lattice versus Calibrated Machine

Model

Frequeng mapsprovide a clearandintuitive view of the
global dynamicsof the completephasespaceof the sys-
tem. This canbe seenin Fig. 1 wherea frequeng map
for agrid of initial conditions(equidistantn betatronam-
plitudes)with trackingover 1000turnsis showvn. This is

about1/20th of the dampingtime dueto synchrotronra-
diation which hasbeenignoredin the computations. In

thelatticemodelthe chromaticity(lik e in therealmachine)



is adjustedto be slightly positive using the two families
of sextupoles. Besidesthe sextupoles,the lattice usedfor

the calculationwasidealwith a perfect12-fold periodicity
andaworking point of (14.25,8.18). Dueto the detuning
with amplitudethe betatrortuneschangedor particleswith

non-zercamplitudes.Initial conditionswith only horizon-
tal or only verticalamplitudecorrespondespectiely to the
lower-right and upperleft ervelopeof the plot. Thelines
appearingn the figure are resonancesvhich shov up as
distortionof the frequeng map. In additionchaoticzones
appearcorrespondingo non-regular behavior of the fre-

gueng map. Thecolor codeis indicatingthe diffusionrate
asdefinedby the changen betatrontuneperrevolution on

alogarithmicscale.
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Figurel: Frequeng mapof the ALS for anideallattice.

Theerrorsof therealmachinereducethesizeof thereg-
ular region by destrging the 12-fold periodicity andexcit-
ing additionalresonancesFig. 2 shavs a frequeny map,
wherefitted linear(gradientandcoupling)errorshave been
includedin themodel. The stableregionin this caseis sig-
nificantly reducedn comparisorwith the ideal lattice. In
additionthelossmechanismareverydifferent.In theideal
caseparticlelossis very fast(afew turns)andhappenson
high order, allowed resonancesFor the calibratedmodel
thelossis aslow diffusion(somethousandurns)on (inter-
sectionsf) lower orderresonances.

In orderto determinewhetherary of thosetwo models
representshe nonlineardynamicsof the ALS correctly a
measuremerntdf afrequeny mapwascarriedout providing
apictureof the globaldynamicsof therealbeam[12].

4 EXPERIMENT

Two tools were usedto performthe measurementat the
ALS. First, thereis asetof two singleturn (600ns)kickers
(“pingermagnets”).Togetherbothpingermagnetsreable
to launchthe beamsimultaneousliyto variable horizontal
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Figure2: Frequeng mapof the ALS for the calibratedat-
tice modelwith measurecrrors.

and vertical amplitudes. The secondtool is turn-by-turn
beampositionmonitors(BPM). During anexperimentthe

ring is filled with atrain of 40 consecutie electronbunches
(to getbetterresolutionof the BPMs). Thetotal currentis

10mA (4 - 10'° electrons).

During eachrun, two setsof measurementare taken.
First, anorbit responsenatrix is measuredo calibratethe
linear model. Thena setof turn-by-turndatais recorded
for the frequeny map. In orderto obtaina regularly dis-
tributedimage,the horizontalandvertical pingerstrengths
are setsuchthatthe squaresof thosestrengthsare evenly
spaced.The dataacquisitiontime for eachpoint is about
20 secondsopr about4 hoursfor the completemap.

For thefirst experimentwe selectedunesandchromatic-
ities close to the nominal conditionsfor user operation
(compareTah 1). Thelinearlatticewasmeasuredndad-
justedto make it ascloseto 12-fold periodic as possible
(2-3% [-beating,1% coupling). The frequeng analysis
was performedwith 25 by 25 initial conditions(Fig. 3a).
Oneclearly seeswo stronglyexcited couplingresonances
of 5th orderwhich are’unallowed’ for 12-fold periodicity
anddo not shov upin the frequeng mapfor theideal lat-
tice. They areexcitedby smallremaininggradientandcou-
pling errors. This shavs thattheideallattice is nota good
representatioof therealmachine Moreoverwefoundthat
alattice modelwith randomerrorsalsodid notagreewell.

In orderto checkour calibratedattice model,we calcu-
lated a frequengy mapbasedon the orbit responsematrix
datafrom thesameday (Fig. 3b). Theagreemenof thetwo
frequeny mapsis excellent. We thereforeconcludethat
a modelusing nominal sextupole strengthsand calibrated
gradientandcouplingerrorsis describinghenonlineardy-
namicsin the ALS very accurately

In thefuture,we expectto reducethe measurementme
for afrequengy map,to make it availableasroutineonline
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Figure3: Experimentafrequeny map(a), andnumerical
simulation(b) for the ALS with its nominalsettings.Res-
onance®f order< 5 areplottedwith dashedines.

monitor of the quality of the beamdynamics. As an il-
lustrationof the modelindependentliagnosticcapabilities
of experimentafrequengy maps,we setaslightly different
working point (v, = 14.275,v, = 8.167). In this case,
themeasuredrequeny map(Fig. 4) shaws severalstrong,
intersecting(at 14.25, 8.125) resonancesT heintersection
inducesrapid diffusion of particleswith correspondinge-
ductionin injectionefficiencgy andlifetime.
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Figure 4: Experimentalfrequengy map plotted together
with informationaboutthe fractionalbeamloss.

Indeed duringthe measuremente recordedsignificant
beamloss(Fig. 4) atthisintersectionandabove, sincepar
ticleslaunchedo higheramplitudescrossthroughthatin-
tersectiordueto radiationdamping)quitein contrasto the

first experiment,wherethe beamwaskicked to the same
amplitudesbut no significantbeamlosswasrecorded.

5 CONCLUSIONS

The frequeny map measurementat the ALS shawv the
full network of couplingresonanceg a Hamiltoniandy-
namicalsystemof 3 degreesof freedom. The comparison
of predictedand measuredrequeny mapsshows thatthe
(relatively simple) calibratedmachinemodel using nom-
inal sextupole strengthsand measuredyradientand cou-
pling errorsdescribeghe nonlineardynamicsin the ALS
remarkablywell. Becauseof the good agreementve are
now usingthe calibratedmachinemodelandsimulatedre-
gueny mapsasa routinetool to predicttheimpactandto
optimize future modificationsof the ALS lattice. In addi-
tion the modelindependentliagnosticcapabilityof exper
imental frequeny mapswas demonstrated@nd the inter-
pretationof frequeny mapswascrosscalibratedoy com-
paringmeasuredbeamlossinformationwith theresonance
structure.
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